“Calhoun 


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1968-03 


Particle Size Determination Using a Laser 
Light Transmission Technique. 


Phelps, Jean Price 


Monterey, California. Naval Postgraduate School 
http://hdl.handle.net/10945/40074 


This publication is a work of the U.S. Government as defined in Title 17, United 
States Code, Section 101. Copyright protection is not available for this work in the 
United States. 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 


\§ D U DL EY research materials and institutional publications created by the NPS community. 
«iis Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


NY KNOX appointed -- and published -- scholarly author. 


LIBRARY Dudley Knox Library / Naval Postgraduate School 
411 Dyer Road / 1 University Circle 


http://www.nps.edu/library Monterey, California USA 93943 


UNCLASSIFIED 


AD NUMBER 
NEW LIMITATION CHANGE 
TO 


Approved for public release, distribution 
unlimited 


FROM 
Distribution authorized to U.S. Gov’t. 
agencies and their contractors; Critical 
Technology; MAR 1968. Other requests shall 
be referred to U.S. Naval Postgraduate 
School, Attn: Code-023, Montery, CA 93940. 


AUTHORITY 


NPS ltr, 18 Oct 1971 





THIS PAGE IS UNCLASSIFIED 








<M E gine, 2 Tatern att Sen 2 MRED, Oty wm 








UNITED STATES 
NAVAL POSTGRADUATE SCHOOL 


CSEAl OF 


v 


\ 
voNs 
wo di 
é 


f i‘ my 
‘} 9 eH 
1 ie « gh Ve 
* Dr °s F 
ESSSS 





PARTICLE SiZE DETERKIPATION 
USING A LASER LIGHT TRANSMISSION TECHNIQUE 


by 


Jean Price Phelps 


This document ie subject to special export con- 
trcle and each traramuittal to foreign government 
or foreign nationals inay he made only with pr.or 


reveal cf the U. 5. Nava! Ppoe*praduate School, rN { 
Orde CLD, F ake TTS, ee ee 
CHA, 72 42fc4. Ca eo 


= ‘ 
93Py0 lif 





é 
Ay 
re 
oes 
3 





PARTICLE SIZE DETERMINATION 
° USING A LASER LIGHT TRANSMISSION TECHNIQUE 
by 
Jean Price Phelps 


Ensign, United States Navy 
B, S,, Naval Academy, 1967 


is Submitted in partial fulfillment 
for the degree of 


MASTER GF SCIENCE IN AERONAUTICAL ENGINEERING 
from the 


NAVAL POSTGRADUATE SCHOOL 
| March, 1008 





Signature of Author | 


Appreved by ( ard G. bSeetins ini 


iba of Phe 


Chairman, Separtment of Aeronautics 





Ewa Tie rem 








ABSTRACT 

A light transmission technique was used to measure the 
mean sise of a group of graphite particles suspended in water and 
the perticle sises in an aerogo] of ammonium chloride in air, 
Passage of a single red leser beam through a known concentration 
of graphite particles in water made it possible to obtain a 
measure of their mean sise, Laser beams of two different wave- 
lengtha were used for the measurement of a suspension of unknown 
particle sise and concentration, 

Operating procedures were established for the apparatus, 


and calibration teats were performed in order to demonstrate 


the feasibility of the technique, 
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Wavelength of the light source 
Particle diameter 
Sige number = 2 
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I, INTRODUCTION 


With a steadily increasing interest in the subject of the 
atmospheric scettering of light and its* paralle: applications in 
ccrtsin fields of physics, meteroro'ogy, and colloidal chemist.y, 
a sound «nowledge of the scattering characteriaticr of particles 
is necessary, 

\ theory of ‘ight acattering by emall particles has heen 
derived from Maxwell's equations for the behavior of eleciromagnetic 
waves, The solutions to these equations in spherical coordinates 
were derived in 1908 by Gustav Mie, [18] This solution provides 
the basie for recent experiments in particle sise determination 
using @ light scattering technique, Experimentation by Penndorf 
[14], Kerker, et al, [9], and Meehan and Hugus [13), among others, 
bas provided elaborete tabulation of the functions necessary for 
the solution of Mie's equati-s,. 

In contrast to most studies that have been concerned 
with dielectric spherical particles of constant diameter, the 
present investigation utilised particles of odd shapes and sizes, 
Hence, a mean diameter, as theorized by Dobbing and Jismagian [2/] 
was the basis for particle sise measurements in this study, 
Throughout this paper the term cnknovm suspension refars to s 


suspension whose chemical composition is known but whose particle 


wizes end concentration are un‘cnown, 
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Particle Size Measurement Apparatus 

Thers are two basic techniques in use today to determine 
particie sizes, ‘The shoice of technique depends solely upoa the 
theory ef operetion~whetker particle sitc. are to be determined 
by meseurement of scattered light or of transmitted light. 

Schematic diagrosms of experimental arrengements tnat have 
been used in meareuring particle sizes ere shown in Figures 1 - 4, 
Figure 1 is the arrangement used by Durbin [4] to determine particle 
sizes >y measuring the intensity of light scattered by particles 
at different angles from the incideut light. Figure % shows the 
arrangeeent used hy Dobbins and Jizmagian [2] to meagure the 
transmission of light through a polydispersion of dielectric 
spheres, Dobbins and Jismagian have shown that light transrission 
seasurements give more accurate results than those for light 
acattering measurements, especially whe:3 a study of the growth 
of particiss t2 made, 

Figuy-¢ 3 anc 4 show the arrangements used in this atudy, The 
principle cf both is basically the same 4s that shown in Figure 2, 
with the following important exception, For this experiment lasers 
of known wavelengths were employed to eliminate the complexities 
of a monochromater and to ingure & stable light sacurce, The con= 
figuration shown in Figure 4 waa sonstructed to enable the 
mecsurement of both particle seizes and concentrations in an unknown 
guspeugion, For tuis it was necesssry to alternately measure the 


dntensities of two insers with one photomultiplier tube, Hence, & 


mirror end a beamsplitter were placed in the path of @ second 


« 
ee ere ree, = | tere ene mere + ome; 

















laser beam in order to superimpose both beams: on the photomulti~ 
plier tube, 

In the numerous investigations of particle size measurement 
using light scattering techniques, 211 except a few have assumed a 
uniform size and shape of particles in order to utilise Miets 
exact solution of the wave equation, However, the theory used here 
was that develoved by Debbins and Jismagian which is based on the 
observation that c particular mean diameter is directly related te 
the sean scattering cross section for a variety of particle sise 
distribution functions and is relatively independent of the shape 
of the distribution function, which is usually unknown, This has 
been graphically shown for twenty different distribution functions, 
including rectangular, parebelic, aud upper limit, [2] The i 
agreement between the various values of X, as represented by the 
standard deviation between each of the curves of K/‘g9 ve Ogg, was 
pooreat at Py, equal to about 4,0 at which the standard deviatien 


Oe Serer en ee 
. 


is 5.6 per cent. For other values of 64, the standard deviation 
Was much less, especially for values of Px9 > 10 where the standard 
deviation is approximately equal to serc, Hence, for the suspension 
of graphite .particles used in this experiment ( Pg >>10), any of 
| the distribution functions would provide accurate results, This 
line ef reasoning was followed because it allewed a flexible appli- 
cation of the light transmission theory to nonuniform particle sizes, 
Description of Experiment 


The purpose of this projcct was twofold, One was to develop a 
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| facility for ihe determination of particle sixe and concentration 











in the exhaust of a rocket being developed at the Naval Postgraduate 
Schoo!, The second was to continue the work of Dobbins and Jismagian 
by determining the relationship of the theorised mean diameter of a 
group of particles suspended in a medium to the physical character- 
istics of the particles, 

In this thesis the results of two experiments are described, 
Graphite particles of known sizes, similar to those expected in 
the rocket exhaust, were immersed in water in discrete amounts to 
provide known concentrations, Also, an aerosol of ammoniue- 


chloride particles was generated for which neither particle sise 


a eee ae 


ner cencentration was known, Experiments were wade on both groups 
of particles, 

In the first experiment, measured quantities of graphite 
particles were added to water in an optical cell, and the trans~ 
mission of @ laser beam through the cell wae recorded, The 
en particle sise was determined by employing the theory developed 
by Dobbins end Jismagian, In the second experinent, prior weasurment 
of the concentration of tae particles in an cerosol of ammoniua- 
chleride was not possible, However, both the mean particle size : 
and the coacentration could be determined by measuring the light 
éciuamtael en of two lasers of widely separated wavelengths, 

 Completicn of this project included the following: . 
eo. A light transmission syatem, including an associated 
measurement facility, was assembled, 
b, An optical cell, equally as suitable for liquid solu- 


tions as for gee dispersions, was designed and assenbled, 
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c. The systen was instrumented to insure that uniform, 
reproducible conditions existed for successive experiments, 

d. Techniques were developed for sorting graphite dust 
samples into uniform sizes and for measuring their volume, 

| e, Sufficient tests were performed to reach a conclusion 

as to the applicability of this technique for measuring particle sises 
in a rocket exhaust and for determining the relationship between the 
theorized mean diameter and the diameters observed under magnification, 

f. Procedures for the operation of the system as a whole 
were established, 

@- Mean ecattering coefficients were determined for the 


relative refractive indexes of a solution of graphite and water 


(w = 1,673) and sn aerosol of ammonium-chloride particles (m= 1,642). 
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“scattering, This scattering is the means by which the SHS 
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II, LIGHT TRANSMISSION THEORY 
When o parellel beaw of light is incident upon a group of 
aphericel particles of uniform size, a fraction of the nf 
light is extinguished by the particles through absorption and 


are visible. Since the light absorbed by a group of particles is 


so mach less than the scattered light, the fraction of this parailel 


beam of light that emerges without experiencing a deflection fron 
the initial direction of propagation is given by 


T= 2 = oxp(-K (a,m) 2 PD? Cyl] (1) 


where 


1/T, ie the fraction of the light intensity which passes 
passes through the particles unchanged 


Tf is the optical transmittance 

K( a,m) is the scattering coefficient for the particles 
a is the sise number (a « ay 
A is the wavelength of incident light 


m is the refractive index of the particles relative to the 
aurreunding uediun 


BD is the particle diameter 

C, is the concentration or number of particles per unit volume 

1 fe the epticel path length, 
Bquation (1) cam be used to test the solution developed by Gustav 
Mie in 1908 fer Maxweli's wave equations for the cendition of an 
electromagnetic wave incident on & sphere, Through experimentation, 


the seattering coefficient can be calculated fer a group ef spherical 
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particles of known concentration and diameter, This scattering 
coefficient has been compared with that given by the Mie Theory, 
with an agreement of 10 per cent or better for a broad range of 
K(a,m). [2] Therefore, it can be assumed that use of the Mie 
Theory will yield valid results for the scattering coefficient of 
an unknown sugpension, 

In reality, however, few dispersions are of uniform size, 
Therefore, the transmittance law as given by Equation (1) has 
little real significance in yractical applications, To make 
Equation (1) valid for a variety of distribution functions, 
it must be assumed vhat there exists a particular diameter which 
is directly related to a mean scattering cross section and which 
is independent of the shape of the size distribution function; 
see Equation (4), The transmission equation used for these 
experiments follows the development advanced by Dobbins and 
Jizmagian [2] and is partially reproduced here, 

Equation (1) can be extended to a polydispersion by determining 
a scattering coefficient as a function of the particle diameter and 


some perticle sise distribution function Nr (D) such that 


D 
1 wr (D)aD : (2) 
D2 

is the relative probability of the occurence of sizes between 


Dy and Do, Therefore, Equation (1) becomes 


Ts vm - F ct [ "e(0,m)xe(0)p ra (3) 


where D, ie the maxinum particle diameter present, A mean 
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scattering coefficient may then be defined as 


De 
— Jo X(D,m) Nr(p)D2ap 
Kz (4) 


f De we(D)D24D 
io ) 


Te eliminate the obvious com lexities of accuretely counting 
@ very large number of emall particles, the number concentration 
may be replaced by a volume concentration C,, i.e., the volume of 


particles per unit volume, such that for spherical particles 


De 
Cy eC, i Nr (D)D34D : (5) 
° 


Inserting Equations (4) and (5) into Equation (2), the remaini:_ 
integral quantity ie the ratio of the third moment of the sise 
distribution function to the second moment, or the volume to the 
surface moan diameter, such that 


De 
[ Nr(D)D3ap 
PRR A. * Hraire eee es Pek eR 
(6) 


Dae = De 
i Nr(D)D2aD 
0 


Intreducing Equation (6), the transmittance laws can be re- 


written as 


Ts | = 2 (Fs. cyl | (7) 


A sinple interpretation of D5, is obtained by noting 
that the volume-to-surface ratio of a collection of particles 
of uniform size is D/6. The volume-to-surfece ratio of a 
collection of C, particles per unit volume is 


7f™ 
CaF ff Nr(D)D5aD 
De 
Cc, t f Nr(D)D74D 
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Thus the volume-surface mean diameter is that 

diameter which in exactly six times the volume-to- 

surface ratio of the polydispersion. [2] 

Equation (7) and the volume concentration, therefore, would 
be sufficient to determine the quantity K/D5, and thus provide « 
measure of some mean particle size, Evaluating Equation (7) for 
two widely separated waves of light through unkaown suspengion 
would produce mean particle diamatcr and concentration, 

Evaluation of K is a complete investigation in itself and 
will only be touched upon lightly, Let it suffice to say that the 
mean scattering coefficient which is normally given by «a slewly 
converging series can be approximated by 

K = 2 - (4 sin p/p) + 4(1 - cos 0)/p2 (9) 


for m= 1 <<1 anda >> 1, where p = 2c (m= 1) is the phase-~ 
shift parameter, Thus for particles much larger than the waveleagth 


of the incident light 


a>>l 

Most of the graphite particles used for the first experiment 
were found to be much larger than the wavelength of the lasers 
used, Therefore, K was set equal te 2, Where thie simplifying 
ascumption could met be made, values ef K ve pgp vere extracted 
from tables interpolated from these provided by Dobbins and 
Jismagian, [2] The origina! values were tabulated by wing 
Equation (4) and the upper limit function 
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Nr(D) a exp(é In(aD/D,, - D)}? 


D" (De D) (11) 


where (s =» 1,26 and § @ 1,13), Limiting values of K/ 059 s 
0,549 Ogg” for bao mmch less than 1, and K/o,, = 2,00/ogp for : 
oe much greater than 1 were tabulated using Equation (11). 
£ tor 0,5< Pao < 100 for various m are tabulated in Appendix II, 
They were interpolated from the tables listed in Reference [2] 
. for the values of m used in this report, 
References [2], [4], [9], [13], [14], ond [15] provide exact 


tabulation of the wean scattering coefficient ve various phaseshi fi 





paremeters for a large variety of relative refractive indexes, 
7 Another theory applicable to particle sise determinatic: is 
that fer light scattering whish will be presented briefly for 
‘the purpese of céaparison, The intensity ratio for particles of 
any size illuminated by a monochromatic light beam cf unit intensity 


pee wed ANN nN ne Re 


is 2 ‘ 
| Io" Gtr [40 + 15(6) (lc, 

where ‘ 

Ip is the intensity of tight scattered at any angle ' 


@ ia the angle between direction of incident beam end 
revere direction ef observed scattered light | 


R is the distance from particle to peint of cbhservation 


tein ige he 


i,(©) & 1, (6) are functions of the angular distribution 
of light intensity proporticned to intensities of plane~ 
polarised componente of scattered light, 


These last two terms, comprising the real complexity of 
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this theory, represent slowly converging series that are 
difficult to compute, Alsc, the measurement of scattered light 
at various distances and angles ia difficult to accomplish 
without introducing variations in light intensity from stray 
light sources, 

Light transmission theory was chosen for thie experiment 
because of the ease with which it can be applied to any situation, 
An interference filter and a shield that allow only light passing 
through the test cell to enter the photomltiplier tube are oll 
that is required for accurate measuremants of particle size and 
concentration, Any stray light passing through the test cell 
would be measured by tho photomultiplier tube as if it were 
from the laser beam, When particles are added to the test cell, 
the atray light intensity would be reduced by the same factor as 
that of the laser beam, Since both the stray light and the laser 
beam are reduced by the same factor, the transmission (I/I,) 


will remain constant no matter how wnch stray light is present. 
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III, LIGHT TRANSMISSION EXPERIMENTAL APPARATUS 

A major portion of the time epent on this project was 
devoted to the procareuent and assembly of the components of 
the system shown im Figures 3 and 4, A detailed descriptior of 
the apparatus is presented as an aid to those who continue 
experiments with thie apparates and as a means to help te 
reader better undersized the experiment, 

: Photometer 

The photometer was of central importance to this system, 
as it ultimately provided the data necessary to determine the 
sise and concentration of the particles in question, Initial 
experiments were carried out with an Eldorado Model 210 Labo- 
ratory Differential Photometer which was equipped to measure the 
current cutput of two photomultiplier tubes. This piece of 
equipment proved io be very convenient when experimenting with 
scattering acthois, as it was not necessary to take long intervals 
of time to move the photomultiplier tubes from position to 
position, This would have produced invalid results if the 
particles in question were changing size and/or concentration, 

Siece the bulk of the experiment was concerned with light 


transmission meastrements, a newly acquired Pacific Photometric 


Medel 11 Laboratory Photometer was used, Rapid change cf 


photomultiplier tubes was enhanced by a high voltege control on 
this photometer that allowed the vcltage to be varied fres 
~SO0V to ~i50(V. In the Bidorado photometer, a reviring of 


the internal high :citage cireuite was necessary to met the 
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requirements for a given photomltiplier tube, In addition to 
a variable high voltage power supply, the Model 11 further 
incorporated a wide range messuring circuit (neceasary for 
measuring the greatly varying light intensities which occurred 


as particle concentrations increased) ond an output for an 





external recorder, The instrument was designed for use with 





all side-window photomultiplier tubes and most head-on tubes : 
having diameters of up to < inches, : 

The nine-~positicr measnring circuit covered full scale 
ranges from 10 nicro amperes to 1 nano ampere in '0 - 3 - 1 
steps. Zero adjustment of the meter and dark current cancella- 
tion essured accurate measurements. The current meter hed three 
scales, Two of these scales were linear with 100 and 30 divisions, 
respectively, The third scale was the log of the reciprocal 
of the first scale and was a scale of optical density, Range 
adjusteent permitted measurements from 100 per cent to 0.00: 
per cent on the limear scales, The overall accuracy of the 
weasuring circuit was 2 per cent. <A recorder output of 100mv 
for full scale cn all ranges was provided on the back of the 
instrument, and was commected to a strip recorder, The regulation 
of the high voltage was 0.05 per cent for line variations free 
105 to 125 volts 4%, A constant voltage regulator attached te 
the Model 11 Photometer provided for the stabilisation of the 
high voltage outpat, 

Photomaltiplier Tubes 


Equally impertant were the photomltiplier tubes which 


converted incident light te seme monsurable quantity ef current, 
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The pkotomltiplier tubes were ideel for measurin, the low 
intensity light transmitted through a strong concentration of 
particles in a solution, The theory of photomultiplier tube 
operation ig as followa, Radiation incident on the photoactive 
surface within the envelope of the ture will release en electron 
from the surface, A voltage drop then accelerates the electron 
to the first of several plates, Several secondary electrons are 
released when the electroa strikes tho first plate, These 
secoudary electrons, in turn, are accelerated to another plute 
where the prucess continues, This chain reaction may be 
amplified, eventuelly, by as much as 10° times before the electrons 
are led from the photomultiplier tube to the photometer in the 
form af current. This current isa tke direct measure of light 
intensity sought “or transmission measurements, Since the 
photomultiplier tubee are tco seuaitive for direct exposure to 
the laser light, with low perticle concentrations, neutral density 
filters were used to reduce the laser intensity to one that could 
be measured, Reference [1], pagoa 791-793, lists seven special 
cemments concerning the use of photomultiplier tubes that cre 
eapecially useful to anyone not familiar with their cperation 

er construction, While several photonaltiplier tubes were used 
in prelimimary measurements, an RCA 1P28 photcmultiplier tube 
with geed spectral responses fcr both wavelengths of lasers 

used in this experiment was used for the actusl measurenents, 
Figere 5 shows the spectral response of the 1P28 for various 
wavelengths of light. Light of wavelengths other than those 


of the lasera was prevented frem affecting intensity measurements 
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by placing interference filters in front of the photomltiplier 
tubes, This permitted the use of norms] working lights in the 
area of the experiment without affecting the normal intensity 
levels of the lasers, 

In addition to the interference filters, a mirror and & 
beam splitter were used when both lasers were needed so that 
only one photomliiplier tube was required, (See Figure 4.) 
This arrangement enabled the two parallel laser beams to be 
superimposed on the same path after passing through the test 
cell, Thus, a single photomultiplier tube could accurately 
measure the intensity of either laser by alternately chopping 
off the light from the other laser, 

Lasers 

Two lasers were used for this experiment. A Spectra Physics 
Model 124 CW helium-neon gas laser of wavelength A= 6328 A 
(See Figure 13 ) was used for particle size measurements when 
the concentration of the solution was known, This model con- 
sisted of two units. The laser unit contained the plasma tube, 
reflectors, supporting adjusting mechanisms, and the high voltage 
section of the excitation power supply, which supplied the 
energy n-cessaary to create and sustain the glow discharge in 
the plasma tube, The separite exciter unit housed the low 
voltage exciter section located in the laser unit, To maintain 
the spectral purity of the red light that amtered the photo- 
multiplier tube, an interference filter of ) = 6328 * 5A was used 


with this laser, 
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The second laser, used in conjunction with the first when 
neither particle size nor concentration was known, was a TRW 
Pulsed Argon Ion Laser Model 71A, (See Figure 14,) Although 
the laser's wavelength could be varied in six steps from 4579 A 
to 5145 A, 4880 A was chosen because of the high pesk power 
available at this wavelength, The TRW laser is a compact single 
wnit that produces a repetitively pulsed argon’ion laser light, 
The repetitive pulse rate can be varied from single pulse to 
60 Hs (power line frequency), This variable repetitive pulse 
rate, properly timed with a light chopper on the continuous wave 
red laser, would permit alternate intensity measurements to be 
made for each laser without manually blocking off the light from 
each laser, 
| The advantage of using lasers for this experiment rather than 
the more commonly used white light is twofold. First, os leser 
produces a highly collimated beam of light of high intensity that 
enables the measurement of particle sizes even in very high con- 
centrations of solutions. The limiting particle concentration 
is when multiple interference of the light occurs due to one 
particle shadowing another, This may be the reason for the de~ 
viation of the deta from straight lines at high particle con- 
centrations as seen in Figure 12. Second, the principal charac- 
teristic of the laser is that it produces a light of only one 
wavelength, thus eliminating the monochromator in the optical 
apparatus, shewn in Figure 2, Since the laser beam ie so highly 


collimated, a diverging lens and a collimating lens were used with 
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each laser to produce a broad parallel beam of light through the 
test cell, With a wider beam of light, inconsistencies in the 
concentration of the particles in solution tend to average out ond 
give a more constant value for the transmitted light. 
Instruxzcntation 

In addition to the photomultiplier tube output meter in the 
photometer, a Leeds and Northrup Speedesnx Strip Recorder provided 
& permanent record of the intensities measured by the photo- 
multiplier tubes, (See Figure 6.) This record was especially 
helpful when the light from both lasers was alternately being 
Measure’, A variavie DC power supply was also used to power the 
propeller in the test cell, The wariable power output of the 
supply enabled the propeller speed to be adjusted as necessary to 
keep the particles in suspension, Figure 16 shows the arrangement 


of the instrumentation used for these experiments, 
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IV, LIGHT TRANSMISSION EXPERIMENTAL TECHNIQUE 
Numerous teats were made to develop the transmission technique 
that was ultimately used, In each test, light transmitted through 
a variety of concentrations of particies was measured in order to 
ineure that there existed an exponential variation of transmission 
with particle concentration, Initial measurements were made with 
enue laser ( the Spectra Physics Model 124) to establish procedures 


and techniques, Measurements using two lasera present little 


additional difficulty, once the technique is established with one 
laser. 

In determining particle sises of known concentrations, the 
following procedure was followed, Graphite particles were sepa~ 
reted into groups of G.28igm (equivalent of 0,125cc), The 
transmission apparatus was then warmed up for a minimum of 15 
minutes, Twelve hundered milliliters (*2Cvcc's) 0° water was 
poured into the test cell, and its temperature taken in order to 
eatablish its exact index of refraction, The red ( \= 6328 A) 
leser--used in the tests on graphite particles— was aligned with 
the lenses and the photomeltiplier tube, as shown in Figure 3, 
When the strip recorder was calibrated and the photometer was 
properly zeroed, the test was ready tc beyin. The light intensity 
of the laser, measured through the test cell with water, was re- 
corded. Then samples of graphite particles were added one at a 
time, and the light intensity recorded after the addition of each 
seuple, The test cell wae then cleaned in preparation for the 
mext test. 
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The graphite particles used were measured with & m :roscope, 
This was done at a comparison to the theorized partic’: size 
measurement, Stokes! Law provided another check on the a.tual 
particle size by measuring terminal velocity of parvicles as they 
senk in water, (See Appendix III.) Velocity measuremeat was 
provided by timing the fall of the particle ower a fixed disteuce, 

A settling process was used to provide a group of particles 
of similar size, Mixing a group of graphite particles in a 
test tube full of water and allowing them tc settle gave a 
variation of particle sizes in the settled sedlixent, from small 
to large, i.e., from top to bottom, This scattering process is 
actually another application of Stokes’ Law, implying that larger 
particles will fall faster than smaller ones. Then particle 
groups were siphoned off in thee groups according to relative 
size, 

To obtain experimentel results for a groxsp of particles of 
unknown size and concentration, an sercsoi of ssroniue-chloride 
particles was blown int» the test cell, This test used vapors 
from flasks of ammonium hydroxide and of hydrochloric acid, 

These vapors were chosen because they remain a constant size 

long enough for the experiment to be completed (approximately 

10 to 15 minutes) and because their sise has been experimentally 
determined, [4] 

The same experimental procedure was utilized as t for the 
case of unknown size, only with the following exception, Instead 


of adding graphite samplee, more smoke was blown into the cell, 
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Tatonsity measurements were taken as soon as possible after the 
sro’e was blown into the cell to insure that the particles had 
not begun to agglomerate, Once the variables necessary for the 
solution to the transmission equation were obtained, size 
determination for both types of particles was made from the 
tables of K/ogo, shown in Appendix II, These tables were tabu- 
lated from computer solutions of Equations (4) and (9) for 
specific values of the relative indexos of refraction, Values 
of K and R/o 35 for the values of m considered in this report 
were interpolated from the tables presented in Reference [2]. 
Since the ratio of light intensities passing through the 


test cell before and after the addition of particles is all that 
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is necessary to detarmine the transmission, the units of intensity 
measurement are arbitrary. For these experiments the current 
produced by the light incident on the photomultiplier tube was 
used to determine the light transmission, Figure 6 is a record 
of the light transmissions recorded during experiment 12 by the 
Leeds and Northrap recorder, 
Once the transmission was determined, Equation (7) was “eed 
te determine the mean particle diameter, Dy 9° The optical path 
leugth was a constant equal to the width of the test cell (4 cm). 
For the first experiment, the volume concentretion ani the 
transmission were moasured during the experiment, Figures 7 - 
show the graphical representation of the tranemitted light fo: 
| 


various amounts of graphite particles added to 1200cc of water, 
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The remaining unknown waa the ratio of the mean scattering coefficient 
to the particle diameter (K/Dg5). Since a >>1 for these particles, 
the limiting value of K/o 0s as given by Equation (10), was used to 
soive for the particle diameter, 

For the second experiment, the concentration and the particle 
sise of the aerosol of ameonium-chloride particles were unknown, 
However, by using two lasers of widely separated wavelengths and by 
measuring the transmission of each laser for the same concentrations, 
two equations with two unknowns could be written and solved for the 
mean particle size and concentration, Figure 17 shows this ex- 
periment in operation, 

Table I is «9 sample of how the particle size was determined 
for experiment 12, Many different volumes of graphite particles 
were used to insure that each gave the same mean particle diameter. 
Table II lists the particle sisea measured by experiments 12 to 16, 

Both procedures worked very satisfectorily, as evidenced by 
the comparison of the theoretical sizes to the sizes observed under 


magnification, and are recommended for future use, 
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V. RESULTS AND DISCUSSION 

A major portion of the time and effort spent on thia project 
wos involved with the design and procurement of the apparatus used 
for the experiment, Procedures were established for the operation 
of the apparatus and are listed in checklist form in Appendiz I, 

As « check on the apparatus, a series of five teste on graphite 
perticles in water were made. The perticle sises determined were 
compared with the sises measured with the microscope. Another 
check of particle size was provided by Stokes! Law, (See Appendix 
III.) These five tests gave a mean particle diameter of 23,8) 
with a mixisus deviation of 0.5u or 0.2 per cent. (Runs numbered 
12 and 14 were not considered for this measurement since they 
represented extreme values of particle sizes, They were used to 
demonstrate the applicability of using a settling process to 
seperate particle greups by sise .) Micrescopic measurements of 


particles from the same five groups showed diemeters varying frou 8,0y 


for the emiller particles to 60,0) for the largest particles, The 
variety ef sises shewn ander the microscope illustrated the value 
of light tranamiasien measurements, Rather than try to precisely 
measure etoh partiole in a lerge group of particles, light trana- 
mission experiments can be conducted te measure some monn gine that 


Giseribes the particlea, Measurements using Stokes' Law gave a mean 


particle diameter ef 50,0u, A pessible cause of the difference, here, 


ie attribated te the difficulty ef viewally fellewing the path of 


emall particles ever the measared drep im erder te time their passage, 


It can be seen from the abeve measuremente that the sheorised 
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mean diameter Dgo is actually some diameter within the extreme 
boundaries of maximum and minimum particle sizes, Hence, it can 
be uged accurately to give some measure of a middle diameter, 

To test the light tranamission theory for an unknown suspension, 
an seroso! of ammoniunm-chioride particles was pumped into the test 
cell, (See Figure 18,) Only two experiments were performed vith 
thie aerosol due to the late arrival of the TRW Pulsed Argon Ion 
Laser, However, resuits agreed quite closely with the measurements 
performed by Derbin [4], 

Table IIT shows the data obtained from the “irst of two 
measurenents on the enmoniua-chlorice seresol, This experiment 


ave w mean particle diameter of C.3@y as compared with Durbdin's 





measuremert (4) of 0.41 u. 

Since tze rocket exhaust to be tested br this transmission 
process wag not devsloped prior to the pranetaiion of this paper, 
no tests were performed, However Equaticr (7) shows that tor the 
dynsaic range (105) of the Model 11 Photometer, a minimum ratio cf ‘ | 
particle concentration to tho phaseshifi parameter, C/o 393 of 


1.13 x 10°° can te obtained. 
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It wasn ivted from the light transmission messurenents shewn 
graphically in Cigures 7 - 11 that the transaission values failed 
to follow a iinear veristion once a concentration of 0,00083ce 
grephite/cc water vou reached, This noc linearity was assumed fs 


be due to a anltiple scettering of light encountered when the 


particle concentration reached a certain walue, Since the light 
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transmission theory only bolda for singio acattering, particle 











measurements for concentrations greater than 0,00083cc graphite/ 
66 water are most likely invalid, 

Figure 12 shove a plot of light tranamiseion ve volume of 
graphite particles fer three particle sise measurements, Each 
ef these teats wae made for a different group of particles 
seperated by the settling process described above, The variation 
ef slepes shows that the particle sizes are different and tha? the 
bigger particles did sink faster, Thus, the settling process 
previded an exeellient method for eliminating the extremes in 


partiele sises, 
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VI. CONCLUSYO... 
The optical apparatus functioned satisfactorily, and procedures 
were established to make reliable operation of the equipment 
possible, The mean diameter of the graphite particles used was 


found to be 23,8u , using the laser transmission technique, 





Microscope measurement of the same particles showed that this : 
theorised mean diameter wae within the extrem limits of particle 4 
size, The agreement between these measurements verified the light 
transmission theory used in this report, 

Thus, the experiments performed bi= 2 shown cwuui tne can 
particle sise theorized by Dobbins and Jizsmgian [2] is closely 
related to the mean diameter of the size distribction function, 
Hence, the mean diasucter meazured by a light transmission experiment 


provided some indication of the particle sizes present im the 


wwe we 
. 


suspension. For the special case of uniform particle sizes, the 
light transmission theory would provide an exact measurement of 
the size, 

Finally, mean ecattering coefficients were interpolated fer 
the solutions used, These cocfficients were tabulated for the 
relative indexes of retraction of graphite ic water and of an 


aerosol of ammonium-chloride particies, (See Appendix II) 
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VII, SUGGESTIONS FOR FUXTHER INVESTIGATION 
The light transmission weed for tlLesa experiments provides a 
very flexible tect for determining particle sizes and concentrations 
im eaknown sugpengiong, Current ideas for investigation includes 
e. Make pessureuontea of particle sises on the order of 


ene williemicren to determina what range of particle cises can be 





accurately measured, 


b, Conduct practical experiments to determine the applica~ 


he 
e 


biliicy of using the light trenemtssion theory to measure particle i 
eines and concentratione in foge, exhausts, and sxogs. 

o, Incorperate a light chepper on the csntinuoua wave . 
lager, and rogulate the pulsed laser to perzit nearly simultancouc 4 
light intensity measurements in order to redu*) any erross which 


may enter cue to the growta of particles during experimentation, ss 
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TABLE I 
SAMPLE DATA SHEET 


RUN # 12 I, = 91,0 


VOLUME OF | INTENSITY TRANSMISSION ot . 
GRAPHITE I x 4,008 x10° | E/og, 









53,0 0,582 0,54 41,75 












31,0 0,340 





1,07 83,42 






19,0 0.208 





1,56 125,25 


166,99 





11,0 0,120 





2,11 









6,8 0,074 2,89 208,74 


4.4 0,048 25c 50 





8,22 









2,8 0,030 3,48 292,25 









1,7 0,018 3,98 333,99 





1,0 0,019 4,E2 


4,82 


375,75 









0,007 417,50 






For K/ 39 = 0,01425 


P30 tC] 140,20 
Dgg = 21 x 1079 om 
RUN # 12 
» 0,00082 in 


Microscopic measurement slows! 


0,002in <Dgo < 0.0002 in 
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TABLE IT 
GRAPHITE PARTICLE SIZE MEASUREMENTS os < 


WON WO, MEASURED SIZE - om 


12 0,00210 





0,00239 






0.00285 







0.00242 





0,00233 


4 





Meen Particle Size 0.00242 cm 
Maximum Deviation 0.00043 cm or 17,7 % * 


cy 


* Notes Runs 12, 13, & 14 were made on particler sorted as to size 
by a scttling process in water, with the particles then 
grouped as small, medium, and large, respectively, Hence, 
the meximum deviation calculated has little value since it 


e ‘ 
2 ee . x x . 


is calculated for extremes rather than for a "normal" 


distribution of particle sizes, 
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High- voltage photocell power supply 
RCA IP2i multiplier phototube 
Bollontine model 304 VTVM 

Chamber for generating ommonium-chioride fog 
Glass windows 

Wratten light-filter monochromat 77A 
Focusing tense 

Water infrared filter 

Adjustable stit 

Air-cooled, high pressure mercury- vapor 
temp (GE 8-H6) 

Lemp power supply 
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FIG. | -EXPERIMENTAL ARRANGEMENT USED BY DURBIN To 
MEASURE PARTICLE SIZES IN AMMONIUM - CHLORIDE 
FOG BY LIGHT-SCATTERING METHODS (4) 
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Entrance aperture Az 


Receiver lens La 
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Collimating lens L3 
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Condensing lens Lo ——— 





Bandposs filter F i 
Neutral density filter : 
(if needed) ‘ 
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Condensing lens Ly { 
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FG. 2 -SCHEMATIC DRAWING OF OPTICAL APPARATUS USED 
BY DOBBINS AND JIZMAGIAN FOR LIGHT TRANS-~ 
MISSION MEASUREMENTS (2) 
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A. Specira-Physics model |24 
stabilite ges laser A= 63284 

L; Condensing tens 

Lo Collimating lens 

. Test cell 

. interference filter 

. RCA I1P2B photomultiplier tube 

. PPI laboratory photometer 

Leeds & Northrup speedomax 

strip recorder 

D.C. power supply 
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FIG. 3 - OPTICAL APPARATUS USED FOR LIGHT TRANS- 
MISSION MEASUREMENTS ON SOLUTIONS OF 
KNOWN CONCENTRATION BUT UNKNOWN SIZE 
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A. Spectra-Physics mode! 124 
stobilite gas laser #6328 A 

8. TRW pu argon ion laser 

A= 4880 

Condensing lenses 

Collimating lenses 

Test cell 

interference filters 

Mirror 

Beam splitter 

RCA IP28 photomultiplier tube 

PPI laboratory photometer 

Leeds @& Northrup speedomax 

strip recorder 
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FIG. 4 OPTICAL APPARATUS USED FOR LIGHT TRANS - 
MISSION MEASUREMENTS ON SOLUTIONS OF 
UNKNOWN SIZE AND CONCENTRATION 
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RELATIVE SENSITIVITY 





WAVELENGTH— ANGSTRONS 


FIG.§ SPECTRAL RESPONSE OF RCA 1P28 
PHOTOMULIFIPLIER TUBE 
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Soe reae 
FIG.6 -DEPENDENCE OF INTENSITY ON CONCENTRATION OF PARTICLES 


(Steps indicate the addition of 0.128ce of gropivte particles fo water) 
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F'I5.8& GRAPHITE PARTICLE MEASUREMENT— RUN 13 
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FIG. 9 GRAPHITE PARTICLE MEASUREMENT— RUN /4 
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FIG.10 GRAPHITE PARTICLE MEASUREMENT — RUN 15 
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FIG. 1\ GRAPHITE ARTICLE MEASUREMENT — RUN [6 
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LOG OF TRANSMISSION 
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FIG.12 - TRANSMISSION MEASUREMENT OF 3 GROUPS OF 
CARBON PARTICLES THAT HAVE BEEN SORTED 
BY SIZE IN A SETTLING PROCESS 
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APPENU:\ | 


PROCEDURES CHEC:.LIST 


Preparation for Experiment 


1. 
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Measure ©,281 gm (0,125 cc) sumples of Graphite, 

Measure 1200 ml (1200 ce) of water in a beater, 

Clean teat cell, 

Clean lenses, filters, and mirror of optical apparatus, 

Align laser beam, lenses, test ceil, aad photomultiplier, 

Start laser, 

Turn strip recorder ON, 

Turn photometer power toggle switch ON, 

Turn high voltage toggle switch ON, 

Turn meter display switch to H, V., and adjust high voltage 
to some value less than the maximum rating for the photo= 


muitiplier in nge minua 55 V, 
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Teat Procedure 


1. 
2. 
3, 
4. 


5. 


6. 


Turn meter display switch to INPUT, 


Turn sensitivity switch OF, 


Cover photomultiplier tubc, 


Turn zero adjust control until meter reading is 0, 


Uncover photomultiplier tube and expose it to laser beam 


passing through test cell, 


Turn input current switch to scale that gives a current 


reading greater than 10 per cent of full scale, 


Turn on strip record *r, 


Start Prop motor, 


Record meter reading for laser passing through water only. 


Add Graphite sample, 


Record meter reading, 


Note 


OFF prop motor, 


recorder OFF, 


H, V, and power switches OFF, 


laser off, 

lt Steps 10 and 11 are repeated as many times as 
measurement: of particle size are made for different 
particle concentrations, 

2: when two lasers are in use, measurements and re= 


cordings should be made by alternately blocking 
off the light from one laser to the photomulti- 


plier and then from the other laser, 
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Colum 3 is the interpolated value 


Columea 2 and 4 are oxact tabulationg of the mean ecatteri 


coefficient. 
to @ solution of Carbon in water, 
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APPENDIX III 


STO"CES! LAW FOR PARTICLE SIZE DETEPMINATION 





A measurement of the size of the particlea thot was independent 
of the light transmission theory was necessary to provide a reference 
with which the resulta could be compared, Visual measurement with a 
microscope ras found tobe quite adequate for the experimente with 
graphite particice in a water medium, However, for smaller particles, 
particularly these whose physical chemistry would not permit them to 
be examined out of their ows environment, another type of measure~ 
ment was the azipliceiion of Stokes! Law as follows. 


If a am 1) sphericai particle of radius r is moving through 


si cs AR aac Re MER bah eG ae cal Ng NR Aa wa ee 


& medivm of viscosity "2° a constant velocity v, the force that 


epposes this motion is given by Stokes’ Law as 





eR o: 


F = 6xrnv 
ior RNal, ir the only other force acting on the particle is that 
of gravity, then the Perce tending to keep the particle in motion 


is givea by 
F= mg = 4/3r? (9 - p!)g 





where ° is the dexsity of the particle in question end p' is the 3 


ey. enee- 


density of the suspending medium, Since these are the only two d 


as 


forcea acting on the particle, they may be equated so that 











4/3nr3 (0 - p'}g = 6mrnv or, Fs 
| A al 
7 2{o. = p's fe 
‘ Thus, by meraturing the velocity st which the particles fall, the a 





particle size may be determined, 





1 ) i 





{BIR Ntrsver arta more me moe nmmaammaras eminnes : (cc | 














UNCLASSIFIED 5 4 


neat 0 Sere ee ee 


Securi y Classification 





” DOCUMENT CONTROL DATA - RAD 


(Bouurity elecciticetion of tile, body of abstret! and t toring cnnetetion muot be sniered shen the o~ oral! sopert 12 clecsified) 

1. OMIGIMATING ACTIVITY (Cerporete author) Ze. REPORT HECURITY © ASSIFICATION 

Naval Postgraduate School 
Monterey, California 









3. REPORT TITLE 


Particle Size Determination Using a Laser Light Transmission Technique 


Phelps, Jean Price, Ensign, USN 


6 REPORT DATE "Ja. TOTAL NO. OF PAGES 76. NO. OF REFS j 4 
March 1968) _ 71 _ x 


aGa. CONTRACT OR GRANT NO, 2a. ORIGINATOR'S REPORT NUMBER(S) 





& PROJECT NO. 
s. 90. ign REPORT NOCS) [Any other mumbere thet may be eoslgned 


@. 
10. AMA IL ABILITY /LIMITATION NOTICKS 


This document is subject te special export controls and each transmittal to 
nationals may be made only with prior approv.1 of the Naval sbgereresuers 





V1. SUPRL BRENTARY NOTES vx SPONSORING MILITARY ACTIVITY 


neamen Esa 


13. ABSTRACT 3 





~ A light transmission tecnnique was used to measure the mean size of 
a group of graphite paiticles suspended in water and the particle sizes in 

an aerosol of ammonium chloride in air Passage of a single red laser beam 
through a known concentration of graphite particles in water made it possible 
to obtain a measure oc their mean size. Laser beams of two different wave- 
lengths were used for the measurement. sf a 3uspension of unknown particle 
size and concentretion. 


Operating procedures were established for the apparatus, and calibration 
tests were performed in order to demonstrate the feasibility of the techrique. 


DD 2. 1473 CL wee 
13 | 


Security Classificrtion 











UNCLASSIFIED 
- Security Classification 
I. KEY woRoS P a 





Laser ; 
Particles 


Light Transmission 


Light Scattering 












DD 70""..1473 (ec) ) UNCLASSIFIED 


, ‘ a A 7 
- te BieMedHien Aaines 
o* { 
La 
os CG aap tlinetten ett ARCO ae a _ a ata EO RE 8 ee mers anrtnn oe ee 











